The isotherms and kinetics of adsorption of phenol onto mixtures of physically-activated tar sands and titania were studied at 298 K. Three kinetic models, i.e., pseudo-first order, pseudo-second order and intraparticle diffusion, were applied to fit the experimental data. The best fit was obtained with the pseudo-second-order model. The kinetic parameters were determined to allow the calculation of phenol uptake as function of time. The Langmuir and Freundlich isotherms were employed to determine the adsorption capacities for different initial pH values of the solution. The effects of the particle size of the adsorbent and the initial pH of the solution on the removal of phenol were investigated.
INTRODUCTION
Phenol is an important industrial chemical and is produced in large quantities for use as an intermediate in the production of phenolic resins, aniline, alkyl phenols and other chemicals, as well as a disinfectant and antiseptic [Agency for Toxic Substances and Disease Registry (ATSDR) 1988]. As a result, phenol enters the environment in wastewater and spills connected with its use. The consumption of water contaminated with phenol results in diarrhoea, mouth sores, burning of the mouth and dark urine. The World Health Organization (WHO) regulations stipulate that the total phenol content in drinking water should be below 0.001 mg/l (World Health Organization 1984) . Water contaminated by phenol is a serious environmental problem and, for this reason, much attention has been paid to the removal of phenolic compounds from wastewater.
Adsorption is one of the most efficient methods for reducing the phenol content in aqueous solution to a lower level. The development of low-cost adsorbents and high quality water have been the primary goals of many experimental studies. Researchers have focused on the use of different adsorbents for phenol removal such as activated carbons (Vasiljevic et al. 2004; Fernandez et al. 2003; Ariyadejwanich et al. 2003) , organoclays (Shen 2004; Abuzaid et al. 2000; Zhang and Sparks 1993) and silica gel (Roostaei and Tezel 2004) . The present author and co-workers have successfully utilized locally available tar sands for the removal of phenols from their aqueous solutions (Zeatoun et al. 2006) . Our results have shown that tar sands are capable of removing phenol only in the presence of small amounts of titania.
Kinetic analysis is important for estimating sorption rates and provides suitable rate expressions that can be used to characterize possible reaction mechanisms (Tien 1994) . Theoretical calculations of sorbate removal as a function of time are possible when the kinetic parameters are determined from fitted experimental data employing the correct kinetic model Drews et al. 2000) . Usually, kinetic studies are performed using batch sorption experiments with data being sampled at different initial concentrations of the sorbate (Abou-Mesalam 2004; Abu Al-Rub 2004; Al Asheh et al. 2004) . The kinetic parameters calculated from such data could be of considerable help in many practical applications because kinetic modelling saves time and materials necessary for conducting characterization experiments.
The aim of the present work was to study the suitability of different analytical models for the kinetic analysis of the data for the sorption of phenols from their aqueous solutions. The amount of phenol uptake by the sorbent was investigated at different initial pH values to determine the adsorption isotherms, which were then compared with the Langmuir and Freundlich models.
MATERIALS AND METHODS

Adsorbent and solutions preparation
Jordanian tar sands were crushed, physically activated by heating at 973 K and then sieved. We have shown previously (Zeatoun et al. 2006 ) that tar sands activated at 973 K with 4% added titania exhibit the highest phenol removal. The removal process is dependent on the presence of titania in the tar sands which, in turn, serve as a support for the titania and thereby allow a greater exposure of surface area. Table 1 shows the sieve analysis of the tar sands and the uptake of phenol. It should be noted that the particle size of the tar sands had almost no effect on the uptake of phenol. A particle size in the range 0.212-0.5 mm was consequently used for this study since the highest weight fraction possessed this particle size. Titania powder containing 1.7 wt% alumina and 0.7 wt% carbon as obtained from DuPont (2004) (Ti-Pure R-100) was added to the tar sands. A tar sands concentration of 5 mg/ml was used in all experiments with the addition of either 2% or 4% titania.
Aqueous solutions of phenol of different initial concentrations in the range 10-400 ppm and with a known initial pH value were prepared using de-ionized water. The initial pH value of each phenol solution was adjusted by adding different amounts of 0.1 M HCl solution or 0.1 M NaOH solution. 
Kinetic experiments and equilibrium sorption isotherms
Batch sorption tests were conducted by introducing 10 ml of aqueous solutions of phenol of different initial concentration to a predetermined amount of adsorbent in a series of 15-ml volume vials. The resulting mixtures were placed in a temperature-controlled water bath agitator (Kottermann, Germany) and shaken for known time intervals at 298 K. Samples were withdrawn from the bath at known time intervals in order to study the kinetics of the adsorption process, whereas the samples were left for 24 h when equilibrium studies were being conducted. The resulting suspensions were centrifuged to separate the tar sands and titania from the solutions and the individual filtrates collected to determine their residual phenol concentrations. These concentrations were determined spectrophotometrically using a 9423-UVG-1002E spectrophotometer (Unicam Helios Gamma, Cambridge, U.K.). The phenol uptake was expressed as the amount of phenol loaded onto unit amount of the sorbent. Initially, six replicates were undertaken using the same conditions, with the residual phenol concentration for each being determined. It was found that in five of these the measured amounts were within 7% of the residual concentration, whilst that in the sixth experiment was greater than this percentage. Consequently, each test was carried out in duplicate with the average data being presented here.
The results of a duplicate test were discarded when they differed by more than 7%.
RESULTS AND DISCUSSION
Adsorption kinetics
The kinetics of phenol adsorption by activated tar sands with added titania were studied at 298 K using 5 mg/ml of tar sands initially activated at 973 K, the particle diameters of the sorbent being in the range 0.212-0.5 mm and with 2% titania added. The initial phenol concentrations in these experiments were varied between 20 ppm and 400 ppm while the initial pH was maintained at a value of 7. Figure 1 shows the phenol removal rate as a function of time at different initial phenol concentrations. The shapes of the curves depicted suggest that a two-step process occurred, with the initial stage corresponding to a rapid sorption process within the first 2 min followed by the slow achievement of equilibrium. It should also be noted from the figure that the uptake of phenol increased as the initial phenol concentration increased. A number of different models as discussed below were considered for fitting the experimental data.
Intraparticle diffusion model
The intraparticle diffusion model as proposed by Weber and Morris (1963) assumes that the uptake is proportional to the square root of the contact time employed in the adsorption process and varies according to the equation: 
Pseudo-first-order model
The pseudo-first-order equation as expressed by Lagergren (Annadurai et al. 2000; Bulut and Tez 2003) is a simple kinetic model which can be written as:
( 2) where k 1 is the equilibrium rate constant (min -1 ) for the pseudo-first-order adsorption process. Integrating equation (2) employing the initial conditions t = 0, q t = 0 yields: ln(q e -q t ) = ln q e -k 1 t
This model was applied to the current kinetic data with the slopes and intercepts of the resulting plots of ln(q e -q t ) versus t being used to determine the first-order rate constants k 1 and q e . Such plots are depicted in Figure 3 together with their associated correlation coefficients (R 2 ). The values of the latter indicate that the pseudo-first-order model was also unsuitable for fitting the experimental data.
Pseudo-second-order model
The adsorption kinetics may also be described by a pseudo-second-order equation Dogan et al. 2004) . In this case, the differential equation may be written as:
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Time ( where k 2 is the equilibrium rate constant [g/(mg min)] for the pseudo-second-order adsorption process. Integrating equation (4) employing the initial conditions t = 0, q t = 0 yields:
The slopes and intercepts of the resulting plots of t/q t versus t were used to determine the pseudo-second-order rate constants k 2 and q e . Such plots are depicted in Figure 4 together with their associated correlation coefficients (R 2 ). In this case, the high values of the latter indicate that a strong correlation exists and that the pseudo-first-order model may be used to fit the kinetic data.
The kinetic parameters are listed in Table 2 , the pseudo-second-order model having been employed to determine the values of q e (theor) . It will be seen from the data recorded that these were close to the values of q e (exp) . The high values of R 2 and the closeness of q e (theor) to q e (exp) indicates that this model was most applicable to the kinetic data. The pseudo-second-order model suggests that the sorption process is fast and occurs on the sorbent surface, i.e. it involves the rapid transfer of phenol from the liquid phase to the surface of the sorbent where adsorption occurs via chemical attachment. 
Influence of initial pH
The influence of the initial solution pH values on the sorption of phenol onto activated tar sands in the presence of 4% titania was investigated at 298 K, employing a sorbent concentration of 5 mg/ml and initial phenol concentrations of 10, 20, 40 and 80 ppm, respectively. Initial solution pH values of 2, 4, 6 and 8 were employed at constant initial phenol concentrations. Figure 5 shows that decreasing pH values led to an increase in the equilibrium uptake of phenol, while increasing initial phenol concentrations led to a corresponding increase in the equilibrium uptake.
A study of the influence of titania on the process was made in an attempt to obtain an explanation for the increase in phenol uptake with decreasing initial solution pH values. Previous studies (Zeatoun et al. 2004) have shown that titania is mainly responsible for the removal of phenol from the aqueous phase. Weng et al. (1997) studied the surface acidity of TiO 2 particles and found that the surface hydroxy groups were mainly protonated at a pH value of ca. 2, being neutral at a pH value of ca. 6 and ionized at a pH value of ca. 10. Phenol molecules carry a negative charge and direct contact of titania with such negatively charged molecules at lower pH values leads to the operation of attractive forces and a consequent increase in the equilibrium uptake of phenol. In contrast, repulsive forces operate at the two higher pH values considered and consequently the uptake of phenol will be lowered (Banat et al. 2000) . Since the surface charge on titania is zero at a pH value of 6, the removal of phenol from aqueous solutions under these conditions may be attributed to the trace carbon present in the titania employed.
Adsorption isotherms
The adsorption equilibrium models used in this study are the well-known Langmuir and desorption rates at equilibrium (Fogler 1992) . At equilibrium, the Langmuir isotherm may be written as: (6) where K L = k ads /k des is the Langmuir adsorption constant or the equilibrium adsorption constant (l/mg) which is related the energy of adsorption, q m is the maximum adsorption capacity (mg/g) and q e is the amount of phenol sorbed at equilibrium (mg/g). The Langmuir constants can be found from the linearized form of the Langmuir equation as:
The Freundlich model is an empirical equation which is often used for examining heterogeneous surface energy systems. The Freundlich equation is given by:
where K F and n are constants found from the linearization of equation (8) that can be written as:
ln q e = ln K F + 1/n ln C e
Applying equations (7) and (8) to the experimental data obtained in the present study led to linear plots (not shown) of 1/C e versus 1/q e and of ln q e versus ln C e being obtained at different initial pH values. All these linear plots possessed high values of R 2 as shown by the data listed in Tables 3 and 4 . Hence, the experimental data could be described by both isotherms, i.e. Langmuir or Freundlich. This would suggest that the adsorbent (tar sands and titania) possessed a heterogeneous surface. Table 3 indicates that the maximum adsorption capacity (q m ) was higher at lower initial pH values while Table 4 indicates that the adsorption capacity (K F ) was higher at lower initial pH values. Table 4 also shows the values of the Freundlich constant (1/n) to be < 1; values of n in the range 0.1 < 1/n < 1 indicate the favourable adsorption of phenol (McKay et al. 1982) . Table 5 shows a comparison of the data obtained in the present work with the adsorption capacities of phenol onto different sorbent materials as reported by other workers. 
